When a ceramic 1s brought into contact with a ceramic, a polymer, or a metal, strong bond forces can develop between the materials. The bonding forces will depend upon the state of the surfaces, cleanliness and the fundamental properties of the two solids, both surface and bulk. Adhesion between a ceramic and another solid are discussed from a theoretical consideration of the nature of the surfaces and experimentally by relating bond forces to the interface resulting from solid state contact. Surface properties of ceramics correlated with adhesion include, orientation, reconstruction and diffusion as N well as the chemistry of the surface specie. Where a ceramic is in contact W with a metal their interactive chemistry and bond strength is considered. Bulk properties examined include elastic and plastic behavior in the surficial regions, cohesive binding energies, crystal structures and crystallographic orientation. Materials examined with respect to interfacial adhesive interactions include silicon carbide, nickel-zinc ferrite, manganese-zinc ferrite, and aluminum oxide. The surfaces of the contacting solids are studied both in the atomic or molecularly clean state and in the presence of selected surface . contaminants.
With metals, experiments conducted in vacuum serve to reduce the presence of adsorbed films and surface oxides. Sapphire has a layer of surface oxygen atoms as an inherent part of its structure, however adsorbed films may be removed on vacuum degassing. The differences in friction coefficients for the basal orientation of sapphire in air and at 10 -8 Pa (Fig. 1 ) may be related to the influence of these films on the adhesion characteristics of sapphire.
The influence of crystallographic direction for both prismatic and basal
orientations were determined and the results obtained are presented in Table   I . With the basal orientation less adhesion and a lower coefficient of friction was observed in the preferred slip direction [1120]. This orientation ....,,andence is similar to that observed for the hexagonal metal berry111um in
The crystallographic direction of movement on a surface, reflecting changes in atomic orientation also affect adhesion and friction force. This is demonstrated in the data of Table I for the prismatic and basal orientation of sapphire in contact with sapphire.
The results of Fig. 1 and Table I indicate that the adhesion and friction characteristics of sapphire are highly anisotropic. There was further, marked evidence for plastic deformation at the contacting interface of the crystals as revealed by etching of sapphire crystals after the friction experiments.
The adhesion and friction behavior of sapphire in the figure and table is very analogous to that observed with hexagonal metals in Refs. 2 and 3. With hexagonal metals in sliding friction experiments the friction coefficient was always less on preferred slip planes in preferred slip directions than for other slip systems. Similar results were obtained in this investigation. The easy g l ide or slip plane for sapphire is the basal plane under deformation.
Further the preferred slip direction is the [1120] direction when the crystal is deformed plastically. With plastic deformation occurring at the contacting interface under an applied load it might be anticipated that the prismatic orientation of sapphire would exhibit stronger adhesion and higher coefficients of friction than the basal orientation. There are a number of prismatic planes which can slip in the deformation process while. with the basal plane oriented parallel to the sliding interface, only a single set of planes are involved.
When plastic deformation occurs at the sliding interface and a larger number of slip planes are involved, applied stresses in the form of the load may be distributed over a number of equivalent planes. With the basal plane parallel to the sliding interface. any applied normal load can only tend to compress basal planes and even with metals such as beryllium. this orientation will support tremendous loads to the point where it will literally explode w, th no evidence of slip occurring on other slip planes. A larger true contact area can then occur in the sliding process with prismatic than with basal orientation. Further, when a number of prismatic planes undergo slip, there r exists the possible interaction of such slip planes to produce locks similar to the Lomer-Cottrell locks observed in the face centered cubic metals. Such locks can produce marked increases in shear strength.
With sapphire the yield point for the prismatic orientation 1s.different than that for the basal orientation. For the latter orientation the yield stress is ten times less at elevated temperatures (Ref The coefficients of friction for various metals in contact with Ni-Zn ferrites are replotted with solid symbols in Fig. 7 as a function of the d-bond cna.racter of the transition metal. Titanium, which is a chemically active metal, exhibits a considerably higher coefficient of friction in contact with ferrite than does rhodium, which is a metal of lesser activity. Figure 7 also presents the coefficient of friction for various metals in contact with the ferrltes, to which both metal and ferrite specimens were exposed to 02 gas (^9.99 percent pure). The data reveal increase in adhesion and the coefficients of friction for N1-Zn ferrite-to-metal interface.
The enhanced bond of the metal oxide to ferrite my be due to the formation of complex oxides on est rbllshing contacts.
Figure 8 presents the coefficients of friction for various magnetic tapes
in contact with ferrltes as a function of particle loading in vacuum. For the experiments in vacuum the specimens were placed in the vacuum chamber, and the system was evacuated and baked out to achiove a pressure of 30 nPa (10 -1 0 torr).
The ferrite specimen was then ion-sputter cleaned. The data shown with solid symbols in Fig. 8 presents the coefficients of friction for the tapes sliding against sputter cleaned ferrite. Sliding friction experiments were also conducted with ferrite specimens, which were first argon-ton sputter cleaned, exposed to 1000 L oxygen, and then were brought into contact with magnetic tapes in the system reevacuated to a pressure of 30 nPa (10 -10 torr). These results are presented in Fig. 8 with open symbols.
The data of Fig. 8 reveal that the adsorption of oxygen on polymeric magnetic tape and on sputter cleaned ferrite surfaces increases adhesion and the coefficients of friction for ferrite-to-magnetic tape interfaces. The oxygen exposures did strengthen the ferrite-to-tape adhesion and increased friction.
The coefficient of friction is also strongly dependent on the particle loading. The greater the magnetic particle concentration (particle loading), the lower the coefficient of friction.
NONOXIOE CERAMICS
The 
The surface chemistry of silicon carbide crystals was analyzed by X-ray Photoelectron Spectroscopy (XPS) as well as Auger Electron Spectroscopy (AES).
AES analysis of silicon cartide preheated above 1200 1 C indicated that the silicon AES peak had almost disappeared and was nearly undetectable by AES, and the carbon peak was only of the graphite form at the surface. But XPS analysis clearly indicated that evidence for silicon and carbide being present as well as graphite on the silicon carbide surface preheated above 1200 1 C.
The XPS spectra of the silicon carbide surface was uneffected by preheating in thf temperature range of from 1200 0 to 1500 0 C. A depth profile into the surface layers for slemeents present in silicon carbide surface preheated to 1500 0 C was obtained as a function of sputtering time and is presented in Figure 9 . Inspection of the single-crystal silicon carbide surface after sliding contact with iron revealed adhesion and transfer of iron to silicon carbide. Figure 11 shows scanning electron micrographs at beginning of wear tracks on the as-received and treated surfaces of silicon carbide generated by a single pass of the iron at sliding temperatures of room, 800 0 and 1200° C. It is obvious from Fig. 11 that the copious amount of iron adhered and transferred o the silicon carbide. As may be seen in Fig. 1(a) , sliding at 800° C produces more transfer than does sliding a, room temperature. In general, a very thin transfer film and very small particles are seen in the contact area. The higher the sliding temperature, the more adhesive transfer produced. Above 800° C, there was very little evidence for a smooth and continuous adhered transfer film on the wear track, as typically seen in Fig. 11(c) . There was rather transfer that was rough, and discontinuous in nature. The appearance of iron transfer may be related to the graphite layer, of the order of to 1 nm, on the silicon carbide surface.
The adhesion and sliding of ir6n ua a silicon carbide surface at elevated temperatures results in formation of cracks and fracture pits in the silicon carbide surface. The fracture wear occurs very locally and in very small areas in the sliding contact region. Figure 12 presents scanning electron micrographs of the wear track on the silicon carbide surface; where the wear track is generated by a single-pass sliding of the iron rider. The wear track has in it microfracture pits and debr is resulting from adhesion. Two kinds of fracture pits are generally clearly observed in the wear track: (1) pit with a spherical particle, and
(2) pit with a multiangular shaped wear debris particles having crystallographically oriented sharp edges and which are nearly all of a platelet hexagonal shape.
Such multiangular wear debris are generated by surface cracking along 1161-0 1 or j1120} and the sub-surface cracking long (0001) planes, which are parallel to the sliding interface. It is understandable that the fracturing in the single crystal of silicon carbide is characterized by crystallographic orientation. However, the appearance of fracture pits with a spherical shape is an interesting observation.
Various fracture pits with spherical particles were observed in the very local area of wear tracks. It was found in Ref. 22 that spherical wear particles of silicon carbide are observed as a result of sliding friction experiments with iron binary alloys. A mechanism for the generation of fracture pit with a spherical particle seems to be very similar to that of spherical wear particles described in Ref. 22 .
Two possible mechanisms for the generation and formation of the spherical wear debris particles were described: (1) a penny-shaped crack along the circular stress trajectories and (2) an attrition, of ::ear pa;ticias. However, the second mechanism is not applied to the fracture pit with the spherical particles. The possible mechanism is the first one, that is, the penny-shaped cracking. The details of the penny-shaped fracture mechanism was described in 
